



















4HE  APPLICATION  OF  TWO  DIFFERENT  OPTICAL  EFFECTS  IS 
DEMONSTRATED  FOR  THE  DETECTION  OF  STRAIN  APPLIED 
TO  ELASTOMERIC  ½LMS  /N  ONE  HAND  DENSE  COATINGS 




302	  ABSORPTION  /N  THE  OTHER  HAND  POLYSTYRENE 
SPHERES CAN BE DEPOSITED AS ORDERED MONOLAYERS  TO 
CREATE PATTERNED 0$-3 ½LMS WITH WELLDE½NED LIGHT 
DIFFRACTION  "OTH  EFFECTS  WERE  USED  TO  MONITOR  THE 
STRUCTURAL DAMAGE OF SUCH 0$-3 ½LMS UPON STRETCHING 
REMAINING  BOTH  PHYSICAL  PHENOMENA  ABSORPTION 
FROM THE GOLD ½LM AND DIFFRACTION FROM THE ORDERED 
STRUCTURE	  ACTIVE  FOR  OPTICAL  SENSING  APPLICATIONS  IN 
THE  EARLY  DETECTION  OF  STRUCTURAL  DAMAGE  IN  CRITICAL 
INFRASTRUCTURES
)NTRODUCTION
4HE  ASSEMBLY  OF  NANOCRYSTALS  INTO  MACROSCOPIC  THIN  ½LMS 
OFFERS AN EXCITING PATHWAY FOR THE CONSTRUCTION OF MATERIALS 
WITH SPECI½CALLY DESIGNED OPTICAL ELECTRICAL ANDOR CATALYTIC 
PROPERTIES  )NASMUCH  AS  THESE  MATERIALS  FABRICATED  IN  THE 
NANOSIZE  REGIME  ARE  PURPORTED  TO  POSSESS  ADVANTAGEOUS 
PROPERTIES  THEY PROVIDE NEW AVENUES  FOR PERFORMANCE AND 
FUNCTIONAL GAINS IN STRUCTURES MADE WITH SUCH NANOMATERIALS 
WHICH WOULD  BE  UNTHOUGHT  OF  USING  CONVENTIONAL  ONES  )N 
PARTICULAR  NANOPARTICULATED  METALLIC  ½LMS  HAVE  BEEN  THE 
FOCUS  OF  INTENSE  RESEARCH  PRIMARILY  DUE  TO  THE  INTEREST 
IN  THEIR  OPTICAL  AND  ELECTRONIC  PROPERTIES  AND  THEREBY 




OF  ADVANCED MATERIALS  4HEREFORE  GOLD  NANOPARTICLES  .0S	 
WITH DIAMETERS  RANGING  FROM NM TO NM WITH UNIQUE 
OPTICAL AND ELECTRONIC PROPERTIES ARE ATTRACTIVE CANDIDATES 
FOR  THE  CONSTRUCTION  OF  INORGANICORGANIC  HYBRID  STRUCTURES 
WHICH  CAN  BE  APPLIED  IN  ADVANCED  SPECTROSCOPY  CHEMICAL 
AND BIOSENSOR TECHNOLOGY AND MICROELECTRONIC DEVICES 
/NE  OF  THE  MOST  ATTRACTIVE  FEATURES  OF  GOLD  .0S  IS  THE 
OBSERVATION  OF  INTENSE  SURFACE  PLASMON  RESONANCES  302	 
WHICH LEAD TO STRONG SURFACE ENHANCED 2AMAN SCATTERING AS 
WELL AS NONLINEAR OPTICAL PROPERTIES 302 ARISE FROM THE COUPLING 
OF  CONDUCTION  ELECTRONS  WITH  INCIDENT  ELECTROMAGNETIC 
WAVES  AND ARE ESPECIALLY RELEVANT IN NOBLE METALS SUCH AS 
GOLD AND SILVER SINCE THE RESONANCES OCCUR WITHIN THE VISIBLE 
RANGE  THOUGH  THE  PRECISE  FREQUENCY  DEPENDS  ON  VARIOUS 
SCATTERING CONDITIONS  AT  THE .0S  INTERFACE  &OR  EXAMPLE 
SURFACEENHANCED 2AMAN SCATTERING 3%23	 IS A HIGHLY SENSITIVE 





)N  THE  CASE  OF  NANOPARTICULATED  METALLIC  ½LMS  THEIR 
FUNCTIONAL  PROPERTIES  ARE  ALSO  GOVERNED  BY  THE  SIZE 
SHAPE AND SIZE DISTRIBUTION OF THE METAL .0S IN ADDITION 







COVALENT  SCHEMES  PRIMARILY  THROUGH  SURFACE  ATTACHMENT 
OF  .0S  VIA  DITHIOL  LINKAGES    OR  MERCAPTOSILANES  AND 
OFFER  A  BETTER  CONTROL  OVER  THE  ½LM  THICKNESS  AND  DENSITY 
%LECTROSTATIC BINDING HAS ALSO BEEN DEMONSTRATED INCLUDING 







PARTICLES  ARE  CONSIDERED  TO  BE  MAJOR  FACTORS  AFFECTING  THE 
DIPOLARDIPOLAR INTERACTIONS AND 302 FREQUENCY $IPOLEDIPOLE 
INTERACTIONS  HAVE  BEEN  DEMONSTRATED  TO  PLAY  A  KEY  ROLE  IN 
OPTICS  OF  METAL  .0S  AND  ESPECIALLY  IN  THE  CASE  OF  CLOSELY 
SPACED .0 ½LMS AS HAS BEEN RECENTLY SHOWN BY 5NG ET AL 
FOR  ASSEMBLIES  OF  SILICACOATED  GOLD  !U 3I/	  .0S  ON  ¾AT 
SURFACES  AND  BY  #ARUSO  ET  AL  FOR  ASSEMBLIES  ON  SPHERES 
)N  THESE  SYSTEMS  THE  INTERPARTICLE  SEPARATION  DETERMINES 
THE  PLASMON  OSCILLATION  FREQUENCY  4HEREFORE  THERE  IS  A 
SUBSTANTIAL  INTEREST  IN  THE  DESIGN  OF  !U  NANOPARTICULATED 
½LMS WITH CONTROL OVER THE SPACING BETWEEN .0S PARTICULARLY 
IN  THE DISTANCE  RANGE SMALLER  THAN  THE .0 DIAMETER WHERE 
THE  OPTICAL  AND  ELECTRONIC  PROPERTIES  CHANGE  SUBSTANTIALLY 
WITH SPACING &URTHERMORE SUCH !U 3I/ .0S CAN BE FURTHER 
FUNCTIONALIZED  THROUGH  THE  REACTIVITY  OF  THE  HYDROXIDE 
GROUPS ONTO THE SILICA SURFACE  THEREBY  FACILITATING CHEMICAL 
MANIPULATION OF THE PARTICLE SURFACES
4HE  EARLY  DETECTION  OF  STRUCTURAL  DAMAGE  IN  CRITICAL 
INFRASTRUCTURES  IS  ALSO  A  LONGSTANDING  ENVISAGED  GOAL  )N 
PARTICULAR A MAJOR LIMITATION IN THE DEVELOPMENT OF STRUCTURAL 
SENSING  SYSTEMS  IS  THAT  THEY  ARE  INCAPABLE  OF  DETECTING 
SUBMICRONLEVEL  DAMAGE  DUE  TO  THEIR  LIMITED  SENSITIVITY  AT 
THIS SCALE &OLLOWING THIS GOAL THE USE OF PHOTONIC CRYSTALS IN 
SUBMICRON DAMAGE DETECTION HAS BEEN RECENTLY PROPOSED 
4HE  IDEA  ARISES  FROM  THE  USE  OF  THE  SPECTRAL  RESPONSE  OF 
PHOTONIC LATTICES VERY SENSITIVE TO GEOMETRICAL MODI½CATIONS 










DESIRED  FOR  CATALYTIC  AND  ELECTRONIC  APPLICATIONS  4HIN  ½LMS 
COMPRISING  A  DENSE  PACKING  OF  GOLD  .0S  CAN  BE  PREPARED 
BY  MEANS  OF  THE  ADSORPTION  OF  DIMETHYLAMINO	PYRIDINE 
GOLD .0S  $-!0!U.0	 ONTO PREFORMED POLYELECTROLYTE  0%	 
½LMS  4HE  FORMATION  OF  THESE  DENSE  NANOPARTICULATED 
½LMS WAS ATTRIBUTED TO THE REVERSIBLE BINDING NATURE OF  THE 









4HE  ABILITY  TO  CONSTRUCT  NANOPARTICLEBASED  THIN  ½LMS 
WITH TAILORED PROPERTIES AS WELL AS THEIR ULTIMATE APPLICATION 
IS  DEPENDENT  ON  A  FUNDAMENTAL  UNDERSTANDING  OF  THE 
INTERACTIONS  INVOLVED  )N  THESE  CONDENSED  ORGANIZED  ½LMS 
THE GOLD .0S DISPLAYING VERY DIFFERENT DIELECTRIC PROPERTIES ARE 
SUBJECTED TO STRONG INTERACTIONS 4HESE INTERACTIONS BETWEEN 
NEIGHBOURING  GOLD  PARTICLES  GENERATE  COLLECTIVE  PLASMON 
RESONANCES CONTROLLED BY THE LONGRANGE AGGREGATION OF THE 
GOLD .0S WITHIN THE SAME LAYER ! VARIABLE PACKING DENSITY 

















(EXAGONALLY  CLOSEPACKED  ORDERED  ARRAYS  OF  03 


















COATED  SUBSTRATES    X  CM 0$-3 ½LM WITH AN UPPER ¾AT 
SURFACE  AND WITH  A HEXAGONALLY  CLOSEPACKED ORDERED HOLE 





  WT      -    .A#L	  ALLOWING  POLYELECTROLYTE 
ADSORPTION OVER A PERIOD OF  H !FTER RINSING THE SUBSTRATE 
SEVERAL  TIMES  WITH  PURE  WATER  033  POLYSODIUM 
STYRENESULFONATE	  -W  MG  M,    -  .A#L	 
WAS  DEPOSITED  UNDER  THE  SAME  CONDITIONS  FOLLOWED  BY  AN 
ADDITIONAL  LAYER  OF  0$!$-!# WHICH  RENDERS  BOTH  SURFACES 
POSITIVELY CHARGED
!U 3I/  .0S    NM  SILICACOATED  GOLD  NANOPARTICLES 
!U 3I/	 WITH A GOLD CORE OF  NM AND SILICA SHELL THICKNESS 
OF    NM  THE  SYNTHESIS  PROCESS  CAN  BE  FOUND  ELSEWHERE	 
WERE  DEPOSITED  ONTO  THE  POLYELECTROLYTECOATED  0$-3  ½LM 






4HE  INTEREST  OF  THIS MANUSCRIPT  RESIDES  IN  EXPLOITING  THE 
OPTICAL PROPERTIES OF GOLD NANOPARTICULATED ½LMS ASSEMBLED 
ONTO  ELASTOMERIC  POLYDIMETHYL  SILOXANE  0$-3	  SUBSTRATES 
PRODUCED BY THE ,B, SELFASSEMBLY TECHNIQUE  FOR EXPLORING 
THEIR  POTENTIAL  USE  IN  STRAIN  OPTICAL  SENSING  APPLICATIONS  )N 
GENERAL COMPOSITES MADE OF GOLD .0S ON ORGANIC THIN ½LMS 
FOR OPTICAL SENSING APPLICATIONS ARE BASED ON A COMBINATION 
OF  .0S  WITH  SUITABLE  ORGANIC  COMPOUNDS  SINCE  THIS  ALLOWS 
TO  CONTROL  THE  CHEMICAL  NATURE  OF  THE  ½LM  MATERIAL  AND 
THEREBY THE SELECTIVITY OF THE SENSOR DEVICE WHILE THE PHYSICAL 
PROPERTIES  OF  THE .0S  CAN  BE  USED  FOR  SIGNAL  TRANSDUCTION 
)N THIS CASE HOWEVER THE STRETCHING DEPENDENT 302 INTENSITY 
OF  A  GOLD  NANOPARTICULATED  ½LM  ONTO  A  POLYMERIC  0$-3 
SUBSTRATE  AND  A  FURTHER  RE½NEMENT  BASED  ON  USING  THE 
SAME  0$-3  ½LMS  PATTERNED  WITH  HEXAGONAL  CLOSEPACKED 
ORDERED HOLE STRUCTURE AS TEMPLATES FOR THE DEPOSITION OF THE 
!U 3I/ .0S IS REPORTED 3UCH DUAL FUNCTIONALIZATION PROVIDES 
STRAIN SENSING OPTICAL PROPERTIES  THROUGH BOTH  THE  INTENSITY 




0$-3  POLYMERIC  ½LMS  0$-3  POLYDIMETHYL  SILOXANE 
3YLGARD   FROM $OW #ORNING 'MB( 	 ELASTOMER ½LMS WERE 
OBTAINED BY DEPOSITION OF A 0$-3 SOLUTION ONTO A SILICON SUBSTRATE 




  H  TO  ENSURE  A  COMPLETE  POLYMERIZATION  4HE  0$-3  ½LMS 
WERE  PEELED  OFF  THE  SILICON  SUBSTRATE  IN  BOTH  CASES  WITH  THE 
03  SPHERES  PARTIALLY  EMBEDDED  IN  THE  ELASTOMERIC  ½LM  IN  THE 
SECOND  CASE  4HE  03  SPHERES  CAN  BE  COMPLETELY  EMBEDDED 
IN THE 0$-3 ½LM THROUGH EXTENSIVE  H	 EXPOSURE OF THE ½LM 
TO  VACUUM  PRIOR  TO  POLYMER  CURING  )N  ORDER  TO  OBTAIN  THE 
CLOSEPACKED  HONEYCOMBLIKE  HOLE  STRUCTURE  ONTO  THE  0$-3 







0OLYMER ½LM STRETCHING  3AMPLES  OF  0$-3 ½LMS WITH 
DEPOSITED !U 3I/ .0S  EITHER ¾AT OR WITH A HEXAGONAL CLOSE
PACKED ORDERED HOLE STRUCTURE WERE STRETCHED BY THE FOLLOWING 
EXPERIMENTAL  PROCESS  4HE  ½LM  DIMENSIONS  USED  WERE 
 MM  LONG   MM WIDE  AND  MM  THICK  4HE  SAMPLES 
WERE CLAMPED AND MOUNTED ONTO AN UNIAXIAL LOADING FRAME 










!TOMIC  &ORCE  -ICROSCOPY  !&-	  !&-  WAS  USED  TO 
OBTAIN  TOPOGRAPHIC  IMAGES  OF  THE  NANOPARTICLE  ARRAYS  4HE 
IMAGES WERE  TAKEN  IN  AMBIENT  CONDITIONS WITH  A  6EECO $) 
 MICROSCOPE WITH A .ANOSCOPE )))A CONTROLLER OPERATING 
IN TAPPING MODE 






)T  IS  WELL  KNOWN  THAT  USING  !U 3I/  .0S  OF  VARIOUS  SHELL 
THICKNESS  HOMOGENEOUS  ½LMS  CAN  BE  ASSEMBLED  ONTO 








  NM  !U  .0S  WITH  HOMOGENEOUS  SIZE  DISTRIBUTION  AND 
FURTHER COATED WITH A  NM THICK SILICA SHELLS WERE THEREFORE 
SELECTED  FOR  THE  PROPOSED  SENSING  APPLICATION  TAKING  INTO 
ACCOUNT THAT THE SILICA SHELLS IN SUCH ½LMS WILL SCREEN THE GOLD 
INTERPARTICLE  INTERACTIONS  ONTO  SUBSTRATES  THUS  LEADING  TO  A 
MUCH SHARPER 302 BAND DETECTED BY 56VIS SPECTROSCOPY
&IGURE    AB	  ILLUSTRATES  THE  APPEARANCE  OF  A  SAMPLE  OF 
!U 3I/ .0S  IN  SOLUTION  A	 AND  THE ELASTOMERIC 0$-3 ½LM 
COATED  WITH  THE  SAME  CORESHELL  .0S  B	  &ROM  THE 
PHOTOGRAPHS  ONE  CAN  SEE  THAT  THE  COLOUR  IS  RETAINED 
ONCE  THE  .0S  ARE  DEPOSITED  ONTO  THE  POLYMERIC 
½LM  4HE  COLOUR  APPEARS  UNIFORM  OVER  THE  WHOLE 
SAMPLE  REVEALING  A  HOMOGENEOUS  DEPOSITION  OF 
!U 3I/  .0S  ONTO  THE  0$-3  SURFACE  4HIS  HOMOGENEOUS 











MONITORING  OF  THE  STRAIN  THE  ½LM  IS  UNDERGOING  )T  IS  ALSO 
IMPORTANT TO UNDERLINE THE SENSITIVITY OF THE METHOD TAKING 
INTO  ACCOUNT  THAT  THESE  EXPERIMENTS  HAVE  BEEN  RECORDED 






HOMOGENEOUSLY  FROM  EACH  OTHER  TO  AN  AVERAGE  DISTANCE 
PROPORTIONAL TO THE STRETCHING INTENSITY ½GURE B )	 (OWEVER 
ON  THE  OTHER  HAND  ONE  CAN  ALSO  FORESEE  THE  FORMATION  OF 
LOCALIZED CRACKS ON THE SURFACE DUE TO THE SAME STRETCHING 
PROCESS  $EBONDING  OF  FEW  NEIGHBOURING  PARTICLES  AS  THEIR 




































½LM  3PECTRA  CORRESPOND  TO  SAMPLE  AS  PREPARED  BLACK  LINE	  AFTER 
STRETCHING 	 RED LINE	 AND 	 GREEN LINE	 AFTER COMPRESSION 	 






BE  USED  FOR MICRODAMAGE  DETECTION  SYSTEMS  ATTENDING  TO 
THE POSITION OF THE MAXIMUM OF THE GOLD PLASMON BAND  IN 
THE 56VIS SPECTRA
4HE  SECOND  HYPOTHESIS  SUSTAINS  A  RANDOM  FORMATION 
OF  LOCALIZED  CRACKS  IN  THE  NANOPARTICULATED  COATING  ACTING 
AS  SPACERS  BETWEEN  GROUPS  OF  .0S  IN  SUCH  A  WAY  THAT 
INDIVIDUAL  PARTICLES  WILL  NOT  BE  SEPARATED  BUT  RATHER  FORM 












WITH NO CRACKS  FORMING ON  THE  SURFACE 4HIS WOULD BE VERY 
CONVENIENT IF GOLD .0S WITH SHORT CAPPING AGENTS RATHER THAN 
THE OUTER SILICA SHELL WERE USED ENSURING A SHORT SEPARATION 













GOLD .0S  ILLUMINATED BY  THE 56VIS BEAM  THEREBY  LOWERING 
THE ABSORBANCE  INTENSITY OF  THE GOLD 302 PROPORTIONALLY  TO 
THE STRETCHING FORCE 
#ONVERSELY TO THE TENSILE CASE WHEN THE ½LM IS COMPRESSED 
THE  AMOUNT  OF  PARTICLES  UNDER  THE  BEAM  INCREASES  AND  SO 
DOES  THE  ABSORBANCE  #RACKING  IS  MORE  DIF½CULT  THOUGH  IT 
CAN  STILL  HAPPEN  AT  HIGHER  STRESS  LEVELS  BY MEANS  OF  SHEAR 
BANDING OR SPLITTING WHICH ARE ACTIVE DAMAGE MECHANISMS 
IN COMPRESSIONS
7ITH  THE  PURPOSE  OF  INSPECTING  THE MORPHOLOGY  OF  THE 
COATED ELASTOMERIC ½LM TO ELUCIDATE WHICH OF THE SUGGESTED 
PATHS  HAS  BEEN  FOLLOWED  AND  THEREFORE  TO  UNDERSTAND 
THE  OPTICAL  BEHAVIOUR  OF  THE  DEPOSITED  GOLD  ½LMS  ONTO 
THE  0$-3  ELASTOMERIC  SUBSTRATES  UPON  STRETCHING  THESE 




(OWEVER WHEN  THE  SUBSTRATE WAS  STRETCHED  SOME PARTICLES 
BECAME  SEPARATED  FORMING  EVIDENT  CRACKS  ON  THE  SURFACE 
OF  THE  ½LM  ½GURE  B  AND  D	  THUS  JUSTIFYING  THE  SECOND 






CORES  WHICH  IS  SUF½CIENT  IN  THIS  CASE  TO  AVOID  INTERPARTICLE 
COUPLING INTERACTIONS AND THEREFORE TO MAINTAIN A SHARP 302 
BAND 4HE ABSENCE OF SILICA SPACER BETWEEN GOLD .0S WOULD 
RESULT  IN  INTERPARTICLE  PLASMON  COUPLING  WHICH  WOULD  BE 
RE¾ECTED INTO A MUCH BROADER AND REDSHIFTED 302 BAND
4HE RESULTS DEMONSTRATE THAT THE !U 3I/ .0S COATING ½LM 
IS POTENTIALLY  SENSITIVE  TO  THE STRAIN ½ELD ANOMALIES  TYPICALLY 















SURFACE MORPHOLOGY  AS  SHOWN  IN  THE  3%-  IMAGE  OF  ½GURE 
&IGURE 





C  SHOWS  INTENSE  RE¾ECTED COLORS DUE  TO  THE ORDERED HOLE 
STRUCTURE OF THE 0$-3 SURFACE INSET OF ½GURE D	 -OREOVER 
WHEN A LASER BEAM IS IRRADIATED FROM THE TOP PERPENDICULAR 
TO  THE  SAMPLE PLANE AND  TRAVERSING  IT  A PERFECT HEXAGONAL 
DIFFRACTION PATTERN ARISING FROM THE HONEYCOMB HOLE STRUCTURE 
IN THE 0$-3 SURFACE CAN BE CLEARLY OBSERVED ½GURE B	 4HIS 
SECOND  BEHAVIOUR  OF  THE  POLYMER  ½LM  DUE  TO  THE  ORDERED 
STRUCTURE COULD ALSO BE UTILIZED FOR STRAIN SENSING APPLICATIONS 
SINCE WHEN THE PATTERNED ELASTOMER  IS STRETCHED THE HOLES 
BECOME DEFORMED AND  THIS MODI½CATION  IS  RE¾ECTED  IN  THE 
DIFFRACTION PATTERN
7E  HAVE  USED  THE  PATTERNED  ELASTOMER  ½LM  AS  A 
SUBSTRATE WITH THE ORDERED STRUCTURE OF HOLES IN THEIR SURFACE 
WHICH  OFFERS  A  HIGHER  SURFACE  AREA  FOR  .0S  DEPOSITION 
THAN  THE  CORRESPONDING  ¾AT  SURFACE	  FOR  THE  DEPOSITION 
OF  A  NANOPARTICULATED  ½LM  COMPOSED  OF   MONOLAYERS  OF 
!U 3I/  .0S  4HE  3%-  IMAGES  IN  ½GURE    SHOW  THE  0$-3 
SUBSTRATE BEFORE ½GURE A ILLUSTRATING THE INITIAL HOLEBASED 
STRUCTURE	  AND  AFTER  THE  DEPOSITION  OF  THE    MONOLAYERS 
OF  !U 3I/  .0S  ½GURE  B	  )T  IS  INTERESTING  TO  NOTE  THAT 
THE  NANOPARTICULATED  GOLDSILICA  ½LM  DOES  NOT  SCREEN  THE 
HEXAGONAL DIFFRACTION PATTERN IN SUCH A WAY THAT BOTH PHYSICAL 
PHENOMENA  DIFFRACTION  AND  302  CAN  BE  SIMULTANEOUSLY 






)N  SUMMARY  WE  HAVE  DISCUSSED  THE  USE  OF  DENSE 





































































AND  THE  DIFFRACTION  PATTERN  OWED  TO  THE  ORDERED  STRUCTURE 
ONTO THE POLYMER SURFACE PRESERVED AFTER THE .0S DEPOSITION 
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